NADPH oxidases (Nox) have been characterized as higher eukaryotic enzymes used deliberately to produce reactive oxygen species (ROS). The recent discovery of new functional members of the Nox family in plants and animals has led to the recognition of the increasing importance of ROS as signals involved in regulation of diverse cellular processes such as defence, growth and signalling. Here, we address the role of NADPH oxidase-generated ROS in the biology of the filamentous fungus Aspergillus nidulans . We characterize the noxA gene and show that it encodes a member of a novel NADPH oxidase subfamily ubiquitous in lower eukaryotes. Deletion of noxA specifically blocks differentiation of sexual fruit bodies (cleistothecia), without affecting hyphal growth or asexual development. Accordingly, the noxA gene is induced during sexual development, peaking at the time of cleistothecia differentiation and in parallel with the hülle cell-associated catalase peroxidase gene cpeA . This expression pattern is not dependent on transcription factors SteA and StuA, which are essential for cleistothecia formation. In contrast, noxA -dependent premature sexual development correlates with noxA derepression in D D D D sakA null mutants, connecting stress MAPK signalling to the regulated production of ROS. Using a nitroblue tetrazolium (NBT) assay to detect superoxide, we found that hülle cells and cleistothecia initials produce superoxide in a process inhibited by NADPH oxidase inhibitor DPI and markedly reduced in D D D D noxA mutants. Furthermore, using H 2 DCFDA, we detected that H 2 O 2 and possibly other ROS are generated in a NoxA-dependent fashion, mainly in the external walls from cleistothecia initials. The essential role of NoxA-generated ROS in A. nidulans sexual differentiation and the presence of one or two noxA homologues in all analysed filamentous fungi suggest that NADPH oxidase-generated ROS play important roles in fungal physiology and differentiation.
Introduction
All aerobic organisms generate reactive oxygen species (ROS) as inevitable byproducts of normal metabolism, mainly through aerobic respiration. ROS are formed by O 2 excitation (singlet oxygen, . The damaging effects of ROS on DNA, proteins, lipids and other cell components and their role in pathological processes and ageing has long been recognized (Aguirre et al ., 1989; Halliwell and Gutteridge, 1989; Beckman and Ames, 1998; McCord, 2000) . More recently, the generation of ROS as a regulated process and the diverse roles of ROS in normal cell physiology have become very attractive research areas.
For a long time, the NADPH oxidase (Nox) from animal phagocytic cells represented the only well-studied case of an enzyme involved in the purposeful generation of ROS. This multisubunit oxidase is formed by cytosolic regulatory components Rac, p67 phox , p47 phox and p40 phox and the integral membrane protein flavocytochrome b558, composed of the catalytic subunit gp91 pho x and p22 phox . Phagocytic cell's Nox uses electrons from NADPH to generate O 2 • -, which is then dismutated to H 2 O 2 , resulting in the 'oxidative burst' used by immune cells in pathogen killing (Babior et al ., 2002) . Mutations in human gp91 phox result in the immunological disorder chronic granulomatous disease (Dinauer et al ., 1987) . Plants contain enzymes homologous to gp91 phox , which have also been involved in ROS production in response to pathogens (Keller et al ., 1998; Torres et al ., 2002) . New Nox genes have been discovered in animals (Suh et al ., 1999; Lambeth et al ., 2000) and plants (Torres et al ., 1998) , suggesting new roles for Nox-generated ROS in eukaryotic cell physiology. Recently, Noxgenerated ROS have been implicated in the regulation of cell growth (Suh et al ., 1999; Lambeth et al ., 2000; Foreman et al ., 2003) , mitosis (Irani et al ., 1997) , hormone biosynthesis (Moreno et al ., 2002) and oxidation of extracellular matrix (Edens et al ., 2001) . Additional roles in oxygen sensing (Geiszt et al ., 2000) , growth factor signalling (Griendling et al ., 2000) and fertilization ) have been proposed.
In lower eukaryotes, ROS have been proposed to play essential roles in lifespan control (Osiewacz, 2002) and cell differentiation (Hansberg and Aguirre, 1990) . In Neurospora crassa , ROS generated at the start of each of the morphogenetic steps that occur during asexual development (Hansberg et al ., 1993) correlate with the oxidation of protein (Aguirre et al ., 1989; Toledo et al ., 1994 ), NAD(P)H and glutathione (Toledo et al ., 1991) , detected during the process. It was proposed that, under those conditions, ROS originate from a metabolic unbalance caused by nutrient starvation and high O 2 tension. More recently, we detected that the NADPH oxidase inhibitor DPI inhibited ROS production in Aspergillus nidulans (R. E. Navarro and J. Aguirre, unpublished) . Indeed, after confirming the occurrence of a gp91 phox homologue in a genomic database, we decided to evaluate the role of such putative Nox in the biology of this fungus.
The ascomycete A. nidulans is an important model for genetic studies of cell differentiation. In response to different signals, it grows extensively or undergoes two different developmental pathways. Asexual development (conidiation), which is induced by nutrient starvation or exposure to air, has been well studied (Clutterbuck, 1969; Law and Timberlake, 1980; Martinelli and Kinghorn, 1994; Timberlake and Clutterbuck, 1994; Skromne et al ., 1995; Dutton et al ., 1997; Adams et al. , 1998 ). In contrast, sexual development (formation of fruiting bodies or cleistothecia), which is induced by oxygen limitation (Hoffmann et al ., 2000) and absence of light (Champe et al ., 1994) , is not well understood at the molecular level. Although several transcription factors regulate cleistothecia formation (Clutterbuck, 1969; Dutton et al ., 1997; Hoffmann et al ., 2000; Vallim et al ., 2000; Han et al ., 2001) , target genes specifically involved in this process have not been identified.
As a homothallic fungus, A. nidulans can perform selfsexual development. Cleistothecia formation involves the co-ordinated development of different types of tissue: ascogenous tissue that will give rise to asci and ascospores, and a network of sterile hyphae that wraps the ascogenous tissue and will ultimately develop into the cleistothecial wall or peridium (Champe et al ., 1994; Shon and Yoon, 2002) . In addition, numerous globose cells of unknown function called hülle cells surround cleistothecia initials. It has been suggested that hülle cells work as nurse cells during cleistothecia development and maturation (Hermann et al ., 1983; Champe et al ., 1994; Shon and Yoon, 2002) .
Here, we characterize the noxA gene and show that it encodes a member of a novel NADPH oxidase subfamily ubiquitous in lower eukaryotes. We show that ROS are generated in hülle cells and peridium from cleistothecia initials and that NoxA-dependent ROS are essential for sexual differentiation in a process modulated by the SakA stress MAP kinase.
Results
The A. nidulans noxA gene encodes a novel microbial NADPH oxidase homologous to mammalian gp91 phox When this work was initiated, NADPH oxidase enzymes had not been reported in microorganisms. However, initial experiments (R. E. Navarro and J. Aguirre, unpublished) indicated that A. nidulans produced ROS in a process that was inhibited by NADPH oxidase inhibitor DPI. This prompted us to search for NADPH oxidase homologues within the A. nidulans genomic database from Cereon Genomics LLC (Cambridge, MA, USA), using Arabidopsis thaliana NADPH oxidase RbohAp10 (Keller et al ., 1998) . A DNA fragment likely to encode a NADPH oxidase was used to identify a full-length genomic clone, which was then used to generate entire noxA sequence (GenBank accession number AY174088). DNA sequence analysis revealed an open reading frame (ORF) interrupted by three introns, the positions of which were confirmed by sequencing two independent cDNA clones. This ORF predicted a 550-amino-acid polypeptide with a molecular mass of 63 779 Da showing high similarity to gp91 phox , the catalytic subunit of the respiratory burst NADPH oxidase from phagocytes and other mammalian Nox enzymes (Dinauer et al ., 1987; Babior et al ., 2002) . Consequently, the corresponding gene was named noxA (NADPH oxidase A). gp91 phox and other NADPH oxidases use NADPH and O 2 to produce superoxide anions in a regulated process. As shown in Fig. 1 , protein NoxA contains features that are conserved in characterized Nox enzymes, namely predicted transmembrane domains, four histidines proposed to participate in haem binding, as well as sequences involved in FAD and NADPH binding (Suh et al ., 1999; Geiszt et al ., 2000; Lambeth et al ., 2000; Arnold et al ., 2001; Cheng et al ., 2001; Maturana et al ., 2001; Babior et al ., 2002) .
NoxA also shows high similarity to larger Nox enzymes from plants and animal sources. Large Nox from plants contain characteristic Ca 2 + binding sites towards the NH 2 -terminal end (Keller et al ., 1998; Torres et al ., 1998) , which are missing in NoxA. Large Nox from animals (Duox) contain a gp91 phox homology region at the COOH-terminus and an NH 2 -terminal domain homologous to animal peroxidases (Dupuy et al ., 1999; Edens et al ., 2001) . Therefore, it can be concluded that noxA encodes the first characterized microbial member of the small-type NADPH oxidase family. Fig. 1 . The A. nidulans noxA gene encodes a microbial NADPH oxidase homologous to mammalian gp91phox. The amino acid sequence of NoxA is aligned with human gp91phox (Dinauer et al., 1987) , Rattus norvegicus Nox1 (Suh et al., 1999) and Neurospora crassa Nox2 (NCU02288.1) deduced from genomic sequence assembly version 2 (Galagan et al., 2003) and direct DNA sequencing (K. Alvarez-Delfín, W. Hansberg and J. Aguirre, unpublished) . Amino acids conserved in all proteins are shaded. Conserved histidines that are candidates for haem ligation are indicated by asterisks. Transmembrane regions predicted in both gp91phox and NoxA are underlined; the first gp91phox transmembrane region is part of a predicted signal peptide (Fig. 2) .
The divergent nature of these two homologues is supported by the phylogenetic analysis shown in Fig. 2 . Indeed, NoxA is 70% identical to Nox1 from Podospora anserina (Lalucque and Silar, 2003) and N. crassa (accession number EAA34868), and the position of the first intron in the corresponding genes is conserved. In contrast, NoxA is only 40% identical to N. crassa Nox2 (Fig. 1) , and there is no conservation in intron position. Our phylogenetic analysis shows that Nox proteins are eukaryotic enzymes (absent in bacteria or archaea), related to the ferric-chelate reductases, a protein family that shows a wide phylogenetic distribution. In agreement Fig. 2 . Phylogenetic analysis of the NADPH oxidase family. Shown is a phylogenetic tree constructed with the transmembrane channel/ haem binding domains of available protein sequences belonging to the NADPH oxidase family, using the minimum evolution method. Trees were calculated using MEGA 2.1 (Kumar et al., 2001) . Dots indicate nodes supported in >70% (open), >80% (grey) or >90% (closed) of 1000 random bootstrap replicates of all UPGMA, neighbour-joining (NJ), minimum evolution (ME) and maximum parsimony (MP) trees. Bootstrap values for critical nodes are shown as a percentage of 1000 replicates in UPGMA/ NJ/ME/MP. Scale bar represents 0.1 amino acid substitutions per site. Obtained trees were rooted using selected ferric reductases, the protein family most related to Nox family. Vertical bars indicate protein subfamilies. Each branch and bar are coloured as follows: red, animals; green, plants; brown, fungi; light blue, protist; orange, bacteria. Sequence names are indicated according to a SWISSPROT-like identifier (Gene_organism), followed by database (GenBank, PIR, SWISSPROT, etc.) accession number and protein amino acid number. Fungal Nox deduced from genomic sequences were obtained from the following sources: Magnaporthe grisea (MAGGR) and Fusarium graminearum (FUSGR) from the Fungal Genome Initiative at the Whitehead Institute Center for Genomic Research (http://wwwgenome.wi.mit.edu/annotation/fungi/fgi/); A. fumigatus (ASPFU) from The Institute for Genomic Research (http://www.tigr.org/tdb/ e2k1/afu1/) and Phanerochaete chrysosporium (PHACR) from the US Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/ programs/whiterot.htm). Ciona intestinalis (CIOIN) gp91phox and Duox were deduced from genomic sequence (Dehal et al., 2002) and cDNA sequences AK113902 and AK112464 respectively. A full list of organism names included in the tree is given in Experimental procedures.
with proposed protein taxonomy (Riveros-Rosas et al., 2003) , 10 clusters of orthologous proteins or subfamilies can be identified inside the Nox family ( Fig. 2) : two subfamilies from fungi, one from plants, one from the protist D. discoideum and six from animals, although three of them are highly related paralogous enzymes [Nox1, Nox2 (gp91phox) and Nox3] forming a monophyletic group. As fungal Nox cluster apart from animal Nox1 and Nox2, we propose NoxA and NoxB as a generic designation for the fungal enzymes, which probably form a monophyletic group. Overall, all Nox subfamilies seem to have evolved in each kingdom through acquisition of other protein domains and/or function specialization. The fact that only a few fungal species such as S. cerevisiae and S. pombe do not contain noxA homologues suggests that the presence of nox genes is an ancestral character that some fungi have lost during the course of evolution.
The NADPH oxidase-encoding gene noxA is essential for sexual development
After confirming that noxA was expressed in cultures induced to undergo sexual development, we wished to address directly its role in A. nidulans physiology through the targeted deletion of the gene. The noxA replacement vector pTLO7 was used to transform the argB auxotrophic strain RMS011. Polymerase chain reaction (PCR) analysis of 16 out of 40 Arg + transformants indicated that five contained the expected noxA gene replacement event (Fig. 3A) , which was then confirmed by Southern blotting. A more detailed Southern blot analysis of strain TTL3 (Fig. 3B) confirmed that, in this mutant, the argB marker replaced noxA sequence encoding amino acids 255 (D) to 342 (Q), involved in FAD binding (Fig. 1) . Comparison of wild-type and DnoxA TTL3 strains with respect to hyphal growth, hyphal morphology and asexual (conidiophore) development revealed no differences. However, during sexual crosses, we noticed that, although DnoxA mutant strains were able to cross with other common strains, they seemed to be unable to cross with themselves and develop sexual fruiting bodies (self-cleistothecia), as normally happens in homothallic A. nidulans. To confirm this, wild-type and DnoxA TTL3 strains were induced to develop sexually in confluent plates and analysed by scanning electron microscopy. Indeed, Fig. 4A and B shows that, in contrast to a wild-type strain, DnoxA TTL3 did not develop any cleistothecia in self-crossing assays, yet it formed sexual cycle-specific hülle cells. As lack of A. Plasmid pTLO7 was constructed by replacing noxA sequence encoding amino acids 255-342 ( Fig. 1) with the argB gene, used as a selectable marker. Linear pTLO7 was used to transform strain RMS011 to arginine independence. Restriction sites: EI, EcoRI; A, ApaI; EV, EcoRV; BII, BglII. B. Genomic DNA from strains RMS011 and noxA disruption strain TTL3 was digested with the indicated enzymes and subjected to Southern blot analysis using a noxA-specific probe.
cleistothecia could be followed in master plates sealed with Parafilm using a stereoscopic microscope, we performed crosses with different strains and confirmed that inability to develop self-cleistothecia segregated with the argB marker used to disrupt noxA.
We have reported that SakA MAP kinase, involved in stress signal transduction, also regulates sexual development. Indeed, DsakA mutant strains develop cleistothecia prematurely and in higher numbers than wild type (Kawasaki et al., 2002) . To test whether such premature sexual development resulted from activation of an alternative pathway or was dependent on noxA, DsakA DnoxA mutants were generated (Table 1 ) and induced to develop cleistothecia. DsakA DnoxA mutant strain CTL9 was Deletion of noxA in strains CTL9 and CTL16-19 was confirmed by PCR, using primers argB5¢ (5¢-CATAAGTCCGCCAGCAGG-3¢) and nox10 (5¢-GTCCTCTCCTTTACCAGC-3¢). CTL9 DsakA deletion was confirmed using primers argB5¢ and sty10 (5¢-GAGCGAGTGGTTGTAGGC-3¢).
unable to develop cleistothecia, in sharp contrast to DsakA mutant TOL1 (Fig. 4C and D) . Although with a delay of at least 12 h, it was clear that DnoxA mutants TTL3 and CTL9 were able to form hülle cells that did not seem to be associated with any cleistothecial structure (Fig. 4B and D) . To determine better the stage at which cleistothecial development was blocked in strain TTL3, we carefully examined samples from sexually induced cultures under the microscope, looking for cleistothecia initials or primordia. However, in multiple samples, only a few primordia-like structures were identified buried among high numbers of asexual reproductive structures and conidiospores that are formed before sexual development takes place (Clutterbuck, 1969; Champe et al., 1994) . To address this problem, we decided to follow sexual differentiation in the absence of asexual development using brlA1 null mutants, which are blocked early in this process (Clutterbuck, 1969; Timberlake and Clutterbuck, 1994; Adams et al., 1998) .
As with other brlA1 mutants, CTL12 formed high numbers of cleistothecia surrounded by hülle cells (Fig. 4E) . Although somewhat heterogeneous in size, mature CTL12 cleistothecia were hard spherical dark-red pigmented bodies, >100 mm, that produced viable ascospores. In sharp contrast, brlA1 DnoxA mutants (CTL16-CTL19) made virtually no hülle cells, but were able to form cleistothecia initials (Fig. 4F) . Development of these structures was blocked at different stages (see Figs 4F, 6B and 7D), and only a few reached a maximum diameter of ª30 mm. These larger cleistothecia initials remained as soft tan/yellowish spheres that failed to grow any further and did not produce ascospores. We conclude that, in DnoxA mutants, the sexual cycle initiates and proceeds to the point of cleistothecial initial/hülle cell formation, where further development is completely blocked.
The noxA gene is induced during sexual development and repressed by SakA
Having shown that noxA was essential for sexual development in both wild-type and DsakA strains, we wanted to know whether noxA was expressed during this process and if SakA regulated its expression. For this purpose, wild-type CLK43 and DsakA TOL1 strains were sampled for Northern blot analysis along a time course, after sexual development was induced. As shown in Fig. 5A , the initially low noxA mRNA levels increased after induction of sexual development, peaked at 48 h and decreased sharply thereafter. Under these conditions, large numbers of hülle cells and cleistothecia primordia were being formed by 48 h and continued to mature by 72 h; most cleistothecia were fully developed after 96 h. To correlate these morphological events with a molecular marker, we monitored the expression of the cpeA gene in the same samples, as the catalase-peroxidase encoded by cpeA has been shown to be localized in hülle cells during sexual development (Scherer et al., 2002) . Indeed, highest cpeA expression was observed at 48 h, along with noxA (Fig. 5A ). In contrast, in DsakA mutant TOL1, high levels of noxA mRNA were detected even before sexual development was induced, remaining high throughout the entire process up to 72 h, and cpeA mRNA levels were also detected up to 72 h. However, no cpeA expression was detected at 0 h, suggesting that gene derepression in DsakA mutants is not generalized (Fig. 5B) . In summary, these results show that noxA mRNA levels increase during sexual development, reaching their maximum at the time of hülle cell/cleistothecia primordia formation. They also suggest that noxA derepression in DsakA mutants is related to premature and abundant sexual development and that noxA expression is nor- Fig. 5 . Induction of noxA and cpeA genes during wild-type sexual development and noxA derepression in DsakA and DsakA DsteA mutants. Strains CLK43 (A), TOL1 (B) and COS70 (C) were induced to undergo sexual development in confluent plates. At the indicated time points, samples were collected to extract total RNA and used for Northern blot analysis using noxA-(A, B and C) and cpeA (A and B)-specific probes. The lower panels show ribosomal RNA as loading controls. mally repressed by the SakA MAP kinase signalling cascade.
noxA expression does not require transcription factors SteA and StuA
Transcription factors SteA (Vallim et al., 2000) and StuA (Clutterbuck, 1969; Dutton et al., 1997) are required for hülle cell and cleistothecia development. To determine whether noxA expression was dependent on these factors, DsteA and stuA1 null mutant strains were induced to undergo sexual development and sampled for Northern blot analysis. To analyse the role of SteA in noxA expression, we used the double mutant DsteA DsakA strain COS70, as we found before that DsakA sexual development was steA dependent (Kawasaki et al., 2002) . As shown in Fig. 5C , noxA was equally derepressed in DsteA DsakA as well as in single DsakA mutants (Fig. 5B) , discarding the possibility that lack of cleistothecia in DsakA DsteA mutants resulted from lack of noxA expression. Likewise, noxA induction during sexual development was not affected in stuA1 mutants (not shown), indicating that SteA and StuA are involved in regulation of genes different from noxA, also needed for sexual development.
NADPH oxidase NoxA is involved in the production of ROS during sexual development
After showing that noxA encodes a NADPH oxidase essential for sexual development and that its expression is related to cleistothecia formation, we addressed whether there was production of ROS during sexual development and if such a process was dependent on NoxA. To follow the different stages of sexual development more easily, we used brlA1 null mutants CTL12 and CTL16 in point-inoculated plates. Under these conditions, a developmental gradient is established from the centre to the edge of the colony. Mycelial samples containing undifferentiated hyphae, hülle cells, cleistothecia primordia and mature cleistothecia were examined for the ability to generate superoxide by reduction of nitroblue tetrazolium (NBT), which precipitates as a blue/purple formazan upon reduction. As shown in Fig. 6A , high levels of NBT-reducing activity were specifically detected in young primordia and hülle cells, within minutes of incubation with NBT. NBT assays included exogenous NADPH, as this moderately improved activity. Under the tested conditions, NBTreducing activity was inhibited by DPI, a substrate inhibitor of NADPH oxidases and other flavin-containing enzymes, and was virtually undetectable in non-differentiated hyphae and mature cleistothecia/surrounding hülle cells (not shown). These results show that hülle cells and young cleistothecia reduce NBT in a process stimulated by NADPH and inhibited by DPI, indicating that they produce superoxide in a flavoenzyme-dependent manner.
Next, we examined whether NBT-reducing activity detected in sexual development-specific structures was present in DnoxA mutant strain CTL16. As indicated before, we found that, in contrast to strain TTL3 (Fig. 4B) , CTL16 ( Fig. 4F ) and other brlA1 DnoxA strains showed an almost complete lack of hülle cells but were able to form cleistothecia primordia that showed a tan/yellowish pigmentation. Aside from such pigmentation, no NBT-reducing activity was detected in CTL16 primordia (Fig. 6B) or in the few hülle cells found in this strain (not shown). As DnoxA strain TTL3 does form hülle cells, we used it to test whether those cells contained NBT-reducing activity or not. As shown in Fig. 6C , NBT-reducing activity in TTL3 hülle cells was markedly decreased compared with noxA + strain CTL12 (Fig. 6A) . Taken together, these results indicated that NoxA NADPH oxidase is the flavoenzyme responsible for most of the superoxide produced during sexual development in hülle cells and young primordia.
To investigate the production of ROS different from superoxide, we used 2¢,7¢-dichlorodihydrofluorescein diacetate (H 2 DCFDA), a cell-permeable ROS indicator that is non-fluorescent until acetate groups are removed (H 2 DCF) by intracellular esterases and oxidation occurs within the cell (DCF). Although H 2 DCF can be oxidized by different ROS, it is mainly used to detect H 2 O 2 . Samples from cultures induced to undergo sexual development were incubated with H 2 DCFDA and examined by fluorescent microscopy. Figure 7A and B shows that DCFdependent green fluorescence was clearly detected in young cleistothecia at different developmental stages. In contrast, virtually no green fluorescent signal was found in DnoxA samples containing cleistothecia primordia of different sizes (Fig. 7C and D) . As cleistothecia consist of a network of sterile hyphae surrounding the ascogenous tissue, it was important to determine whether or not DCFdependent fluorescence was present in both tissues. For this purpose, mycelial samples from strains CTL12 (noxA + ) and CTL16 (noxA -) were treated with H 2 DCFDA and analysed by confocal microscopy. Indeed, singleplane cross-sections of CTL12 young cleistothecia showed that DCF-dependent fluorescence is localized to the developing wall system or parenchymatous peridial cells ( Fig. 7E and F) . As before, no green fluorescent signal was detected in samples from DnoxA strain CTL16 (not shown). We conclude that NoxA is a NADPH oxidase involved in the production of superoxide, H 2 O 2 and possibly other ROS in hülle cells and cleistothecia peridium. These NoxA-dependent ROS are essential for cleistothecia and ascospore development.
Discussion

The noxA gene encodes a member of a novel subfamily of microbial NADPH oxidases
We have found that the NADPH oxidase encoded by the A. nidulans noxA gene represents a new subfamily of Nox enzymes, similar to human gp91phox or DdNox present in protozoan D. discoideum and prevalent in filamentous fungi. Nox phylogenetic analysis shows that these eukaryotic enzymes, related to the ferric reductase family, have evolved in seven major groups. A first clade includes animal Nox1, Nox2 and Nox3 with sizes from 563 to 690 amino acid residues. Three additional clades in animals are formed by Nox4, Nox5 and Duox, the first belonging to the small Nox (578 amino acids) and the last two to the large Nox class (Nox5, 765-1147 amino acids; Duox, 1308-1551 amino acids). Fungal Nox, with sizes between 550 and 636 amino acids, form another clade. Although closer to the gp91phox type, Nox from protozoan D. discoideum do not group well with other Nox and seem to define another group. Finally, plant Nox enzymes (Rboh) with characteristic EF Ca 2+ binding domains, and sizes between 835 and 989 amino acid residues, form another clade.
The ubiquitous presence of one and, more often, two noxA homologues in all filamentous fungi with available genomic sequences suggests that, as we have shown here, NADPH oxidase-generated ROS might play important roles in fungal physiology and differentiation. In fact, it has been found recently that a Nox enzyme might regulate ROS production by the plant pathogenic fungus Claviceps purpurea during infection (P. Tudzynski, personal communication). A few fungal species such as S. cerevisiae, S. pombe, C. albicans and C. neoformans do not contain Nox homologues. While this work was in preparation, Lalucque and Silar (2003) proposed that Nox enzymes are directly linked to multicellularity. This could imply that, like multicellularity in eukaryotes, Nox enzymes have evolved several times during evolution. Our phylogenetic analysis does not seem to support such a possibility, as all Nox proteins probably form a monophyletic group independent of their origin: animal, plant, fungi or protist. Thus, it seems more likely that the presence of nox genes is a eukaryotic ancestral character that has been lost during evolution in some cases. Kim et al. (2000) have found evidence suggesting that ROS production in the red tide unicellular organism Chattonella marina might be mediated by a Nox enzyme. If confirmed genetically, these results will provide additional support for the idea that the presence of nox genes is a eukaryotic ancestral character with an origin not related to multicellularity, and later on recruited in multicellular organisms to regulate differentiation processes.
In phagocytic cells, gp91phox activity depends on gp91phox subunit p22phox and cytosolic regulatory components Rac, p67phox, p47phox and p40phox. As Nox3, Nox1 and Nox5 group together with gp91phox, it is likely that they share the same subunit architecture. In fact, recent evidence supports this idea for Nox1 and possibly other animal Nox (Geiszt et al., 2003) . Protozoa, fungi and plants contain several members of the Rac GTPase family that could potentially regulate Nox activity. However, plants (Sagi and Fluhr, 2001 ) and analysed fungal genomes do not seem to contain p22phox p67phox, p47phox or p40phox homologues, suggesting a different regulation for plant and fungal Nox.
NoxA is required for cleistothecia and ascospore development
Little is known about initiation of sexual development, but the process is induced by oxygen limitation and might be triggered by fatty acid-derived hormone-like factors (Champe et al., 1994) . Induction of laccase II and the formation of cleistothecial initials and hülle cells are among the earliest recognized events (Hermann et al., 1983; Champe et al., 1994) . More recently, it has been shown that SteC MAPKK is required for cell fusion steps (Wei et al., 2003) . We have shown that NoxA is essential for sexual development. In a brlA + genetic background, DnoxA mutants develop hülle cells and almost no cleistothecia primordia. In a brlA -background, DnoxA mutants develop cleistothecia primordia and virtually no hülle cells. Although we do not know the reason for this shift in hülle cells/primordia ratio, it is clear that DnoxA mutants can initiate sexual development to the point of cleistothecia initials (5-30 mm in diameter) and that further development is totally blocked.
The noxA gene is induced at the time at which cleistothecia initials/hülle cells are developing, and its derepression in DsakA mutants is needed for premature, abundant sexual development under appropriate conditions. However, noxA regulation is not affected in DsteA and stuA1 mutants, which do not form cleistothecia or hülle cells. This suggests that, in addition to transcriptional control, other factors might be required to regulate proper NoxA functional localization. Such types of controls have been reported for the catA gene, which encodes a catalase localized exclusively in sexual and asexual spores (Navarro and Aguirre, 1998) .
NoxA-generated ROS regulate sexual development
Our results show that NoxA generates superoxide in hülle cells and cleistothecia initials (Fig. 6) as well as H 2 O 2 and possibly other ROS, mainly in peridial cells (Fig. 7A-F) . The lack of NoxA results in a block in cleistothecial development at the 5-30 mm diameter stage. Shon and Yoon (2002) have reported that wild-type cleistothecia initials at the 20 mm diameter stage consist of an ascogenous core system composed of a multinucleated single cell and a three-layer wrapping sterile tissue or peridium. Further development involves both differentiation of the core into asci and ascospores and differentiation of the peridium into several-celled layers, its regression and final death to form the mature cleistothecial cell wall. NoxA-generated ROS might be required to undergo all these developmental stages or only some of them. A proper localization and temporal regulation of ROS production might be critical for these processes, as the exogenous application of the superoxide-generating compound paraquat or H 2 O 2 failed to rescue cleistothecia formation in DnoxA mutants (not shown).
We propose that NoxA is located in hülle cells and outer layers from cleistothecia initials where it generates superoxide, which in turn will be dismutated to H 2 O 2 , perhaps by a peridial superoxide dismutase. H 2 O 2 would then regulate diverse activities necessary for differentiation of both the ascogenous and the peridial tissues. Proving this model and determining the exact roles for ROS in this process requires further research. However, notable examples of how Nox-generated ROS regulate growth and development have been reported very recently. In A. thaliana, Nox enzymes showing cell type-specific localization regulate root growth (Foreman et al., 2003) and abscisic acid signalling (Kwak et al., 2003) (Greene et al., 2002) . In Caenorhabditis elegans, Noxgenerated ROS are required for tyrosine cross-linking of the extracellular matrix (Edens et al., 2001) . It is conceivable that, in peridial tissue, NoxA-generated ROS participate in oxidative reactions leading to initial cell proliferation, late cell death, perhaps through apoptosis, as well as cleistothecial cell wall cross-linking. The red pigment in mature cleistothecia cell walls has been identified as polyhydroxyanthroquinone, the polymerization of which might involve ROS. Here, it is interesting to note that other enzymes involved in ROS metabolism have been associated with specific sexual structures. Phenol oxidase laccase II activity is localized in hülle cells and peridium (Hermann et al., 1983) , catalase peroxidase CpeA in hülle cells (Scherer et al., 2002) and catalase CatA in ascospores (Navarro and Aguirre, 1998) .
It has been proposed that ROS trigger microbial cell differentiation (Hansberg and Aguirre, 1990) and that ROS detected during N. crassa asexual development (Hansberg et al., 1993) are generated by a hyperoxidant state derived from metabolic imbalance. Our work on NoxA points to new sources of ROS and indicates that enzymes such as NADPH oxidases can regulate microbial differentiation through a regulated, self-inflicted oxidative stress.
Experimental procedures noxA genomic/cDNA cloning and plasmid construction
The A. thaliana NADPH oxidase RbohAp10 (Keller et al., 1998) was used to search the A. nidulans genomic database from Cereon Genomics LLC (Cambridge, MA, USA), and the retrieved partial DNA sequence was used to design primers nox1 (TCAGCATGCACCAAGCGAAGAGCGAGCC) and Fig. 7 . Other NoxA-dependent ROS produced by young cleistothecia are localized in the external tissue. Strains CTL12 (A, B, E and F) and CTL16 (C and D) were induced for cleistothecia formation as in Fig. 6 . Mycelial samples containing differentiated structures were incubated with 2¢,7¢-dichlorodihydrofluorescein diacetate (H 2 DCFDA) for 20 min and examined by fluorescence (A and C) or fluorescence confocal microscopy (E). B and D. Merged images of fluorescence and Nomarski DIC fields. E and F. A single plane cross-section of a cleistothecium observed with fluorescence and phase-contrast confocal microscopy,-respectively. Scale bars in B and D = 65 mm. nox2 (ATTCTAGACCACCTTCACAATCTCCG). Using A. nidulans genomic DNA as template and nox1/nox2 primers, a 716 bp PCR product was amplified, cloned into pCRII (Invitrogen) and used to probe a genomic library (Brody et al., 1991) . Of several cosmids assigned to chromosome V, only cosmid L23F12 contained a full-length gene and was used to generate entire noxA sequence. A noxA replacement vector was constructed as follows. First, a 1884 bp noxA PCR fragment generated using primers nox8 (GGGGCCC GATCGGCTTCTAGCGTGC), nox9 (TGCGGCCGCGGACG CAGAGGAAGCCGC) and cosmid L23F12 as template was cloned into pCRII (pTLO4) and subcloned into Bluescript as an ApaI-NotI fragment to generate pTLO5. Secondly, the A. nidulans argB gene was inserted into pTLO5 as a XhoI-PstI fragment to generate pTLO7. This removes 285 bp from the noxA coding region, which results in deletion of amino acids 255 (D) to 342 (Q), involved in FAD binding (Fig. 1) , leaving 1018 and 578 bp at the 5¢ and 3¢ ends, respectively, for homologous recombination. Two noxA cDNA clones obtained using 3¢ RACE (Life Technologies) and nox8/nox12 (TGGGG TAGAATACAGAGG) primers, according to the manufacturer's protocol, were sequenced to determine noxA intron positions.
Strains, transformation and growth conditions
Strains used in this work are shown in Table 1 . All strains were grown at 37∞C in glucose minimal nitrate medium (Hill and Käfer, 2001 ). To disrupt noxA, strain RMS011 was transformed using standard procedures (Yelton et al., 1984) , and 1-2 mg of pTLO7 linearized with NotI. To induce sexual development in confluent plates, conidia were plated in top agar at 1 ¥ 10 5 conidia per plate and incubated at 37∞C for 24 h (0 h time point) and then sealed with Parafilm. To induce sexual development in point-inoculated plates, these were grown at 37∞C for 48 h and then sealed with Parafilm.
Phylogenetic analysis
The DNA sequence obtained for noxA has been deposited in GenBank under accession number AY174088. Extensive database searches for NADPH oxidases were performed. Protein sequence data were obtained from SWISSPROT and GenBank non-redundant protein sequence database at the National Center for Biotechnology Information (NCBI). The gapped BLASTP program (Altschul et al., 1997) , with default gap penalties and BLOSUM62 substitution matrix, was used to search homologous A. nidulans NoxA sequence. Progressive multiple protein sequence alignment was calculated with the CLUSTAL_X package (Thompson et al., 1997) corrected according to the results of gapped BLASTP (Altschul et al., 1997) . Phylogenetic analyses were performed with software MEGA2 (Kumar et al., 2001) , using both maximum parsimony (MP) and distance-based methods UPGMA, neighbour joining (NJ) and minimum evolution (ME), with the Poisson correction distance method, and gaps were treated by pairwise deletion. Confidence limits of branch points were estimated by 1000 bootstrap replications. The complete names of the organisms included in the phylogenetic analysis are: ANOGA, Anopheles gambiae (Eukaryota: Metazoa, Arthropoda); ARATH, Arabidopsis thaliana (Eukaryota: Viridiplantae, Eudicotyledons);
ROS detection assays
For superoxide detection, small mycelial sections from strains CTL12 and CTL16 were point inoculated in plates and grown at 37∞C. After 48 h, plates were sealed with Parafilm, and incubation was continued for another 48-72 h. Mycelial samples containing undifferentiated hyphae, hülle cells, cleistothecia primordia and/or mature cleistothecia were scraped from the edge of the colony and incubated immediately in a 0.3 mM nitroblue tetrazolium chloride (NBT; Sigma), 0.3 mM NADPH aqueous solution. Upon reduction, water-soluble, colourless NBT formed a coloured formazan precipitate within minutes of incubation. After 20 min with NBT, samples were photographed under the microscope. Essentially the same procedure was followed for incubation in the presence of 2.5 mg ml -1 5-(and-6)-carboxy-2¢,7¢-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA; Molecular Probes), except that NADPH was not included. Non-specific NBT and DCF staining was observed only after prolonged incubation with NBT or H 2 DCFDA. H 2 DCFDA samples were observed using a Nikon E600 fluorescence microscope using 495 nm excitation and 500-550 nm emission wavelengths. Confocal images were obtained with an MCR 1024 Bio-Rad laser scanning system equipped with an Ar Kr/Ar air-cooled laser attached to an inverted Nikon TMD 300 microscope with a Nikon 20¥ objective. Samples were excited with a 488 nm laser line at a low power setting (97-99% attenuation), and emitted light was bandpassed with a 522-532 nm filter. Confocal images were obtained concurrently by separate photomultiplier channels and red fluorescence subtraction to remove intrinsic red florescence detected in mature cleistothecia and initials. Images were viewed and processed with Todd Clark's program CONFOCAL ASSISTANT 4.2. In some cases, mycelial samples were preincubated for 20 min with NADPH oxidase inhibitor diphenylene iodinium (DPI; Sigma) at 50 mM before incubation with NBT or H 2 DCFDA.
